1. Introduction {#sec1-polymers-09-00592}
===============

Polylactide (PLA) has become one of the most important and commercial biodegradable polymers because it possesses comparable mechanical and thermal properties with polyolefin materials \[[@B1-polymers-09-00592]\]. However, due to the rigid chain structure and relative high glass transition temperature, it shows many drawbacks, such as a low crystallization rate and poor heat resistance; subsequently, the practical applications of PLA are remarkably restricted \[[@B2-polymers-09-00592],[@B3-polymers-09-00592],[@B4-polymers-09-00592]\]. Thus, various methods have been used to improve the performance of PLA, including chain modification \[[@B5-polymers-09-00592],[@B6-polymers-09-00592]\], blends with other polymers \[[@B7-polymers-09-00592],[@B8-polymers-09-00592],[@B9-polymers-09-00592]\], and the introduction of efficient nucleating agents \[[@B10-polymers-09-00592],[@B11-polymers-09-00592],[@B12-polymers-09-00592],[@B13-polymers-09-00592]\]. In addition to these, stereocomplex crystals formed between two PLA enantiomers, and poly([l]{.smallcaps}-lactide) (PLLA) and poly([d]{.smallcaps}-lactide) (PDLA) have become the most attractive selections \[[@B14-polymers-09-00592],[@B15-polymers-09-00592]\]. The stereocomplex crystals show stronger inter-chain interaction, have a much higher melting point (\~225 °C), and display a faster crystallization rate than homocrystallite of either PLLA or PDLA \[[@B16-polymers-09-00592],[@B17-polymers-09-00592],[@B18-polymers-09-00592]\], resulting in higher mechanical strength and modulus, better heat resistance, etc. \[[@B19-polymers-09-00592],[@B20-polymers-09-00592],[@B21-polymers-09-00592]\]. Therefore, plenty of research has been carried out. However, the formations of the stereocomplex and homocrystallite are competing during the crystallization process in the PLLA/PDLA blend \[[@B22-polymers-09-00592],[@B23-polymers-09-00592]\]. Especially, the formation of the stereocomplex can be sharply inhibited as the PLA molecular weight increases \[[@B24-polymers-09-00592],[@B25-polymers-09-00592],[@B26-polymers-09-00592]\]. The intrinsic occupied space leads to the steric repulsion effect among different chains, which goes against the contact between PLLA and PDLA segments, and benefits the formation of homocrystallite. In fact, only high molecular weight PLA can possess useful mechanical properties for thermoplastic applications, so several methods are employed to enhance the formation of the stereocomplex through promoting the mixed degree between PLLA and PDLA segments, such as chain topology regulation \[[@B27-polymers-09-00592],[@B28-polymers-09-00592],[@B29-polymers-09-00592]\], addition of a compatibility agent \[[@B30-polymers-09-00592],[@B31-polymers-09-00592]\], and the specific design of the process \[[@B32-polymers-09-00592]\].

An inclusion complex formed between guest polymer chains and host small molecular frameworks provides a novel method to isolate polymer chains from each other in small channels \[[@B33-polymers-09-00592]\], which offer us an effective means to obtain polymer blends with better miscibility or polymer materials with less entanglement through removing the host molecules. Until now, Tonelli's group has carried out milestone work in this field \[[@B34-polymers-09-00592],[@B35-polymers-09-00592],[@B36-polymers-09-00592],[@B37-polymers-09-00592],[@B38-polymers-09-00592],[@B39-polymers-09-00592],[@B40-polymers-09-00592]\]. For example, they successfully achieved intimately compatible polymer blends from normally immiscible polymers, including a PLLA/poly(ε-caprolactone) (PCL) blend and a nylon 6/nylon 66 blend \[[@B35-polymers-09-00592],[@B40-polymers-09-00592]\]. Additionally, they obtained coalesced PCL by washing a PCL/urea inclusion complex and found that the crystallization ability and mechanical properties of PCL are significantly improved \[[@B36-polymers-09-00592],[@B39-polymers-09-00592]\]. Recently, based on the similar method, we have successfully prepared the extended-chain crystals of poly(butylene succinate) (PBS) under atmosphere \[[@B41-polymers-09-00592]\]. As to PLA, Howe et al. had proven that PLLA and urea could form an inclusion complex \[[@B42-polymers-09-00592],[@B43-polymers-09-00592]\]. This, it is wondered whether PDLA chains can be adopted equally as PLLA chains in urea frameworks? Furthermore, can the complex-coalescence method be used to promote the compatibility between PLLA and PDLA and the formation of PLA stereocomplex? In this study the PLLA/urea, PDLA/urea, and PLLA/PDLA/urea complexes were prepared by electrospinning and the crystallization behaviors of the coalesced PLLA/PDLA blend were studied in detail.

2. Materials and Methods {#sec2-polymers-09-00592}
========================

2.1. Materials {#sec2dot1-polymers-09-00592}
--------------

PLLA with *M*~w~ of 2.20 × 10^5^ and 9.15 × 10^5^ g/mol and PDLA with *M*~w~ of 2.20 × 10^5^ and 9.23 × 10^5^ g/mol were purchased from Ji'nan Daigang Biological Engineering Company (Ji'nan, China). Urea (AR grade) was obtained from Shanghai Aladdin Industrial Inc. (Shanghai, China). All reagents were used without further purification.

2.2. Preparation of the PLA/Urea Complex and Coalesced PLA {#sec2dot2-polymers-09-00592}
----------------------------------------------------------

The solution for electrospinning was prepared by dissolving PLA and urea in hexafluoroisopropanol (HFIP) with a PLA concentration fixed at 2.5 wt %. The electrospinning process was optimized as following condition: a DC voltage of 30 kV, a collector-to-needle tip distance of 18 cm, and an inner needle diameter of 0.6 mm. The as-electrospun species was dried in a vacuum oven at room temperature for two days before sealing. The weight ratio of PLA/urea was optimally selected as 1:7 based on the maximization of the experimental melting enthalpy of the complex (as seen in [Figure S1](#app1-polymers-09-00592){ref-type="app"}).

The coalesced PLA was obtained by washing the PLA/urea complex with sufficient deionized water three times, and methanol once, to completely remove the urea component, and then drying in vacuum at 45 °C for three days.

2.3. Characterizations {#sec2dot3-polymers-09-00592}
----------------------

Non-isothermal crystallization and melting behaviors of the samples were performed on a differential scanning calorimeter (DSC, 204 F1, NETZSCH, Berlin, Germany) equipped with an intercooler as cooling system under an argon atmosphere; the heating and cooling rates were set as 10 °C/min. Fourier transformation infrared (FTIR) spectra were recorded on a Hyperion spectrometer (Bruker, Karlsruhe, Germany) by signal averaging over 32 scans in the wavenumber range of 4000\~400 cm^−1^; the spectrometer was equipped with a hot stage (THMS-600, Linkam, Surrey, UK) for temperature-resolution FTIR measurement.

3. Results {#sec3-polymers-09-00592}
==========

3.1. Characterization of the PLA/Urea Complex {#sec3dot1-polymers-09-00592}
---------------------------------------------

DSC measurement was performed to determine the formation of inclusion complex between PLLA (*M*~w~ = 2.20 × 10^5^ g/mol) and urea. As shown in [Figure 1](#polymers-09-00592-f001){ref-type="fig"}A, the as-spun product displayed a single melting point at 137.3 °C, which was different from those of urea and PLLA at 134.0 and 174.8 °C (the first melting peak), respectively. The new melting point, which was consistent with previous reports on other polymer/urea complexes, indicated the successful preparation of the PLLA/urea inclusion complex \[[@B42-polymers-09-00592]\]. More interestingly, inclusion complexes between poly([r]{.smallcaps}-3-hydroxybutyrate) (PHB) and urea, and between polypropylene and urea, showed almost the same melting point (136.8 and 138.0 °C) as PLLA/urea complex \[[@B44-polymers-09-00592],[@B45-polymers-09-00592]\], so the melting point at around 137 °C might be a common phenomenon for the polymer/urea inclusion complexes when polymer chains contain pendant methyl groups. [Figure 1](#polymers-09-00592-f001){ref-type="fig"}B shows the FTIR spectra of in the regions from 3500 to 3300 cm^−1^ and 1820 to 1400 cm^−1^ obtained for urea, the PLLA/urea complex, and PLLA. Obviously, PLLA/urea showed quite a different FTIR spectrum from either neat urea or neat PLLA, further confirming the formation of the PLLA/urea complex. The strong N--H stretching vibration bands split and shifted from 3443 and 3347 to 3455, 3439, and 3344 cm^−1^, respectively; the C=O stretching vibration band red-shifted from 1681 to 1691 cm^−1^; the N--H bending vibration bands shifted from 1625 and 1605 to 1634 and 1602 cm^−1^; and the N--C--N antisymmetric stretching band shifted from 1465 to 1468 cm^−1^ after the urea molecules had been complexed with PLLA from its traditional tetragonal modification. As for the PLLA component in the complex, it exhibited a single C=O stretching vibration band at 1757 cm^−1^, which was quite different from the neat crystalline PLLA that had two C=O stretching vibration bands at 1755 and 1749 cm^−1^. The absence of 1749 cm^−1^ in the PLLA/urea complex revealed that PLLA chains in the complex were in an amorphous state, and the blue-shift of 2 cm^−1^, from 1755 to 1757 cm^−1^, might be due to the isolated and confined effect of the urea frameworks. The blue-shift of the C=O stretching vibration of PLLA induced by confinement had also been observed in other systems \[[@B10-polymers-09-00592]\].

PDLA (2.2 × 10^5^ g/mol) had been also used to produce a PDLA/urea complex, and the DSC curve in [Figure S2](#app1-polymers-09-00592){ref-type="app"} confirms the successful preparation of PDLA/urea complex. Thus, it was expected that the guest PLLA and PDLA could be equally treated by the host urea frameworks, and equal amounts of high molecular weight PLLA (9.15 × 10^5^ g/mol) and PDLA (9.23 × 10^5^ g/mol) were employed to prepare a ternary complex with urea. [Figure 2](#polymers-09-00592-f002){ref-type="fig"}A shows that the ternary complex had a melting point of 138.3 °C; [Figure 2](#polymers-09-00592-f002){ref-type="fig"}B affirms that the ternary complex exhibited the similar FTIR spectrum as the PLLA/urea complex. Thus, the PLLA/PDLA/urea complex adopted the same structure as the PLLA/urea complex.

3.2. Crystallization Behavior of Coalesced PLLA/PDLA Blend {#sec3dot2-polymers-09-00592}
----------------------------------------------------------

Compared with the referential PLLA/PDLA (*r*-PLLA/PDLA, prepared by the same electrospinning process without urea), the coalesced PLLA/PDLA (*c*-PLLA/PDLA) from the PLLA/PDLA/urea complex showed significant enhancement of melt-crystallization during the cooling process in [Figure 3](#polymers-09-00592-f003){ref-type="fig"}A, displaying a crystallization peak at 130.6 °C. The *r*-PLLA/PDLA did not show crystallization under the same cooling setting. During the subsequent heating (seen in [Figure 3](#polymers-09-00592-f003){ref-type="fig"}B), the *c*-PLLA/PDLA presented a single melting point at 214.9 °C, besides the normal glass transition, which demonstrated that only the stereocomplex formed between PLLA and PDLA forms during the previous cooling process. Nevertheless, a rather complicated DSC curve, which contained one exothermal peak at 109.2 °C and two endothermal peaks at 177.5 and 212.2 °C after the glass transition appeared for *r*-PLLA/PDLA; the three peaks corresponded to the cold crystallization, melt of homocrystallites of PLA, and melt of the stereocomplex of PLA, respectively. On the basis of the enthalpies of peaks at 177.5 and 212.2 °C, it is clear that PLA chains predominately cold-crystallized to homocrystals even during the heating process, which had been observed in other high molecular weight PLLA/PDLA blends \[[@B24-polymers-09-00592],[@B25-polymers-09-00592],[@B26-polymers-09-00592],[@B27-polymers-09-00592],[@B28-polymers-09-00592],[@B29-polymers-09-00592],[@B30-polymers-09-00592],[@B31-polymers-09-00592],[@B32-polymers-09-00592]\]. Therefore, the combining processes of the PLA/urea complexation and coalescent greatly promoted the stereocomplexation ability between PLLA and PDLA. Due to the equal accommodation of PLA chains in urea frameworks, PLLA and PDLA chains would pack densely and realize an even distribution in statistics when the urea molecules were instantaneously removed by washing, which helped promote the inter-contact between PLLA and PDLA and then accelerated the stereocomplexation efficiency.

3.3. FTIR Study on Stereocomplexation Ability {#sec3dot3-polymers-09-00592}
---------------------------------------------

To understand more about the enhancing crystallization ability for *c*-PLLA/PDLA, FTIR spectra were employed to characterize the melt-quenched sample and melting process. [Figure 4](#polymers-09-00592-f004){ref-type="fig"} shows the FTIR spectra of *c*-PLLA/PDLA and *r*-PLLA/PDLA in a wavenumber range from 980 to 860 cm^−1^, in which a characteristic band around 909 cm^−1^ responds to the vibration mode of the *3*~1~ helical conformation in the stereocomplex \[[@B46-polymers-09-00592]\]. The *r*-PLLA/PDLA displayed a very weak absorption band at 909 cm^−1^ when melt-quenched from 240 °C and no absorption band at 920 cm^−1^, which is the characteristic band of homocrystallite \[[@B47-polymers-09-00592]\], indicating that the PLA chains were almost amorphous and only a small amount transformed to stereocomplex crystals. However, a rather obvious absorption band at 909 cm^−1^ appeared in the melt-quenched *c*-PLLA/PDLA specimen, meaning that the stereo-crystallization occurred remarkably.

The subsequent temperature-dependent FTIR spectra of *c*-PLLA/PDLA are presented in [Figure 5](#polymers-09-00592-f005){ref-type="fig"}A. The characteristic absorption band of the *3*~1~ helical conformation in the stereocomplex at 909 cm^−1^ remained almost constant until 190 °C, then weakened at higher temperatures (i.e., 210 and 215 °C), and finally disappeared at 240 °C. For comparison, the temperature-dependent FTIR spectra of *r*-PLLA/PDLA were collected and are lined in [Figure 5](#polymers-09-00592-f005){ref-type="fig"}B. When heated to 100 °C, a characteristic band of homocrystallites rose at 920 cm^−1^, while the intensity of the 909 cm^−1^ band was still rather weak. The intensity of 920 cm^−1^ band further increased until 150 °C, then decreased, and finally disappeared at 180 °C, confirming the endothermal peak in [Figure 4](#polymers-09-00592-f004){ref-type="fig"}B originated from the cold-crystallization of homocrystallites. The further heating process after melting of homocrystals led to the formation of some sterocomplex (i.e., 180 and 210 °C), but the amount was small; and all crystallites melted at 240 °C. Both the *c*-PLLA/PDLA and the *r*-PLLA/PDLA crystallites melted and the *3*~1~ helical conformations disappeared completely at 240 °C, so the remarkable promotion of stereocomplexation in *c*-PLLA/PDLA should be due to the better inter-contacting state between PLLA and PDLA chains, which was usually rather poor in high molecular weight PLLA/PDLA blends \[[@B24-polymers-09-00592],[@B25-polymers-09-00592],[@B26-polymers-09-00592]\]. The isolated and extended state of PLA chains in the complex would facilitate the interconnection between PLLA and PDLA during coalescing process, leading to enhancing the formation of the stereocomplex.

4. Conclusions {#sec4-polymers-09-00592}
==============

In this research, a complexation-coalescent method was employed to enhance the stereocomplexation ability of PLA. The crystallization ability of high molecular weight *c*-PLLA/PDLA was found to be stronger than *r*-PLLA/PDLA. Furthermore, the *c*-PLLA/PDLA solely formed stereocomplex crystals during the non-isothermal cooling process, and the reason was ascribed to the equal distribution of PLLA and PDLA in the PLLA/PDLA/urea complex, which led to good interconnection between PLLA and PDLA chains when the urea frameworks were instantly removed.
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![(**A**) DSC curves of (*i*) urea, (*ii*) as-prepared PLLA/urea complex and (*iii*) PLLA at a heating rate of 10 °C/min; and (**B**) the FTIR spectra of (*iv*) urea, (*v*) as-prepared PLLA/urea complex, and (*vi*) PLLA.](polymers-09-00592-g001){#polymers-09-00592-f001}

![(**A**) DSC heating curve and (**B**) FTIR spectrum of the PLLA/PDLA/urea complex.](polymers-09-00592-g002){#polymers-09-00592-f002}

![(**A**) Non-isothermal crystallization DSC curves of (*i*) coalesced PLLA/PDLA blend (*c*-PLLA/PDLA) and (*ii*) the referential PLLA/PDLA blend (*r*-PLLA/PDLA) from 240 °C; and (**B**) the subsequent DSC heating curves of (*iii*) *c*-PLLA/PDLA and (*iv*) *r*-PLLA/PDLA. Both the cooling and heating rates are 10 °C/min.](polymers-09-00592-g003){#polymers-09-00592-f003}

![FTIR spectra of melt-quenched (*i*) *c*-PLLA/PDLA and (*ii*) *r*-PLLA/PDLA in the range from 980 to 860 cm^−1^.](polymers-09-00592-g004){#polymers-09-00592-f004}

![The temperature-dependent FTIR spectra of (**A**) *c*-PLLA/PDLA and (**B**) *r*-PLLA/PDLA during the heating process.](polymers-09-00592-g005){#polymers-09-00592-f005}
